The baculovirus expression vector p36C was used to express in cells of the insect Spodoptera frugiperda fragment C of tetanus toxin under the control of the strong polyhedrin promoter. Fragment C was expressed intracellularly at a high level and was soluble, allowing it to be purified by affinity chromatography with monoclonal antibody TT08. Purified fragment C from baculovirus was used to immunize mice and was shown to successfully prevent the symptoms of tetanus following a toxin challenge. The ganglioside-binding properties of baculovirus-derived fragment C were compared with those of intact tetanus toxin and native fragment C and were found to be dissimilar.
The baculovirus expression vector p36C was used to express in cells of the insect Spodoptera frugiperda fragment C of tetanus toxin under the control of the strong polyhedrin promoter. Fragment C was expressed intracellularly at a high level and was soluble, allowing it to be purified by affinity chromatography with monoclonal antibody TT08. Purified fragment C from baculovirus was used to immunize mice and was shown to successfully prevent the symptoms of tetanus following a toxin challenge. The ganglioside-binding properties of baculovirus-derived fragment C were compared with those of intact tetanus toxin and native fragment C and were found to be dissimilar.
Tetanus toxin is a 150,000-dalton neurotoxic protein produced by the anaerobic bacterium Clostridium tetani (for a review, see reference 3). It is synthesized initially as a 1,315-amino-acid polypeptide chain which, after removal of the N-terminal methionine residue, is released into the culture medium upon cell lysis. A specific cell-associated protease (13) cleaves the toxin to form a dual-chain structure consisting of the 50-kDa amino-terminal light chain disulfide bonded to the 100-kDa heavy chain (23) . The toxin may further be cleaved by papain to yield the 50-kDa carboxyterminal fragment C and the complementary 100-kDa fragment B (14) (Fig. 1) .
Tetanus toxin causes spastic paralysis by blocking the release of neurotransmitters at the inhibitory synapses (for a review, see reference 10), although the exact mode of action is not known. Tetanus toxin binds gangliosides GDlb and GTlb (31) , and this activity is associated with fragment C (15) . A fragment termed H45 and probably corresponding to amino acids 458 to 864 (7, 8) is able to form channels in phospholipid vesicles at a low pH (5) . By analogy with diphtheria toxin (17) , this pore-forming activity could be a prerequisite for the entry of a toxic fragment into the cytosol. Fragment B (residues 2 to 864) and the light chain (residues 2 to 457) have recently been shown to inhibit exocytosis in adrenal medullary chromaffin cells (1, 27) . Exocytosis is known to be involved in the release of inhibitory transmitters (10) , and it is possible that the light chain, by analogy with other A-B toxins (32) , is the active toxic fragment exerting an as-yet-unknown effect on the exocytosis process.
Immunity to tetanus is mediated by antibodies raised against the toxin, and widespread vaccination with tetanus toxoid has virtually eradicated tetanus from the developed world (for a review, see reference 4). However, in developing countries incomplete vaccination schedules reflect high annual mortality caused by tetanus. Studies with fragments of tetanus toxin have shown that fragment B or C provides protective immunity to laboratory animals (12) ; therefore, such a fragment could be considered a candidate for a subunit vaccine.
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The use of baculovirus as a gene expression vector has increased over the past few years, mainly for the production of proteins from higher eukaryotes and viruses (20, 25, 33) . However, this system has rarely been used for the production of bacterial proteins, presumably because bacterial expression systems have been the first choice for such experiments. In this report, we describe the high-level expression of tetanus toxin fragment C in a baculovirus expression system and investigate the immunogenicity and ganglioside-binding properties of the recombinant protein.
MATERIALS AND METHODS
Bacterial strains, vectors, and recombinant DNA techniques. Escherichia coli TG1 (29) was used for the propagation of all plasmids. pTETtac2 (21) LGT agarose). When these layers had set, 1 28 days after the last injection by toxin challenge as described previously (9).
Ganglioside binding. Microtiter plates (Dynatech) were coated with GTlb gangliosides (Sigma, Poole, United Kingdom) at 10 ,ug/ml overnight at 4°C. After the plates were washed with PBS, they were blocked for 1 h with 10% bovine serum albumin (BSA). Samples of fragment C or tetanus toxin were diluted in PBS containing 10% BSA, mixed with '25I-tetanus toxin (5 x 106 cpm/,ug), and applied to individual wells, and the plates were incubated overnight at 4°C. The plates were washed with PBS, and the amount of 125I-tetanus toxin bound was determined by counting in a scintillation counter.
Purification of fragment C from S. frugiperda lysates. Cells infected with a recombinant baculovirus expressing fragment C (BVFC1) were grown for 4 days, pelleted by centrifugation (10,000 x g, 10 min), and resuspended in 5 ml of 50 mM Tris-HCl (pH 8.0)-50 mM NaCl. The cells were lysed by sonication, and the insoluble debris was removed by centrifugation (10,000 rpm, 10 min). The supernatant was centrifuged at 35,000 rpm for 1 h, and the supernatant was collected. Fragment C was purified by affinity chromatography with monoclonal antibody TT08 (30) bound to cyanogen bromide-activated Sepharose 4B. Fragment C was eluted with 0.1 M sodium citrate (pH 3.0) and neutralized by the addition of an equal volume of 0.1 M sodium phosphate. Fragment C was assayed by an enzyme-linked immunosorbent assay as described previously (21) .
Gel electrophoresis, immunoblotting, and protein assay. Protein samples were suspended in sample buffer (19) and electrophoresed on 10% sodium dodecyl sulfate (SDS) polyacrylamide gels as described previously (9) . The protein concentration was determined with a bicinchoninic acid protein assay kit (Pierce, Rockford, Ill.).
RESULTS
Cloning of fragment C into baculovirus. The structural gene for fragment C is present on pTETtac2, an E. coli expression plasmid which directs the synthesis of fragment C to 3 to 4% of total cell protein (21) . Because fragment C is a cleavage product of tetanus toxin, pTETtac2 expresses mature fragment C with a methionine residue at the N terminus (21) . A 1.4-kb BglII-BamHI fragment containing the entire structural gene for fragment C, the trpD ribosomebinding site, and the tac promoter was cloned into the unique BamHI site of p36C, a high-level baculovirus expression vector (26) . The resulting plasmid, p36C-TETtac2 (Fig. 2) should express fragment C from the powerful polyhedrin promoter on p36C. p36C-TETtac2 was cotransfected with AcNPV DNA into S. frugipedra cells by calcium phosphate precipitation. Cells containing recombinant viruses were identified by screening for inclusion-negative plaques, and after plaque purification several recombinants were screened for the production of fragment C by SDS-polyacrylamide gel electrophoresis (PAGE) and Western immunoblotting (data not shown). One recombinant, BVFC1, was studied further. S. frugiperda cells were infected with BVFC1 at a multiplicity of infection of 0.1, and cells were taken at daily intervals for analysis by SDS-PAGE of the amount of fragment C synthesized. A polypeptide of approximately 50 kDa was synthesized by BVFC1-infected cells on days 2 to 4, with the maximum amount being produced on day 3 (Fig. 3) . This band was confirmed to be fragment C by immunoblotting (data not shown) (Fig. 4) . Fragment C was clearly one of the major polypeptides produced by the cells, at a level only slightly lower than that of polyhedrin.
The maximum level of expression of fragment C was estimated at approximately 10 to 12% of total cell protein.
This level is comparable to that obtained by Pennock et al. (28) , who expressed E. coli P-galactosidase with the baculovirus expression system. We used p36C, a derivative of pAc360 (20) in which the BamHI site used for the cloning of a foreign gene is located at position +33 relative to the former position of the polyhedrin ATG. By cloning fragment C DNA from pTETtac2, we increased the distance to the ATG start codon because of the introduction of a sequence from pTETtac2 between the BglII site and the ATG. Thus, in p36C-TETtac2, the ATG for fragment C is located 24 bases downstream from the end of the BglII site. Because the DNA sequence of the untranslated leader sequence is thought to be critical for high-level expression of foreign genes (20, 24) , the sequence of this additional DNA present in p36C-TETtac2 may be important for expression. This sequence, TAATCATCCACAGGAGACTTTCTGATG, which is derived from the E. coli trpD ribosome-binding site (21) , has also been used for high-level expression of other proteins, including the P.69 protein from Bordetella pertussis (6), with the same baculovirus expression system. In this study, a comparison was made with the bacterial sequence described above and the consensus Kozak translational consensus sequence (18) . In all cases, the expression levels were higher with the bacterial sequence than with the Kozak sequence (26a). We anticipate that this sequence may be of general use for the high-level synthesis of other foreign proteins with the baculovirus expression system. S. frugiperda cells were grown in Spinner flask cultures and infected with BVFC1 at a multiplicity of infection of 10. After 4 days, cells were harvested and lysed by sonication, and a soluble extract was obtained by low-and high-speed centrifugations as described in Materials and Methods. The soluble cell proteins were analyzed by SDS-PAGE and Western blotting (Fig. 4) . A band of approximately 50 kDa was one of the major proteins in the cell extract (lane 1), showing that fragment C produced in this way is soluble. The identity of this band as fragment C was confirmed by Western blotting against anti-fragment C sera (Fig. 4, raised against tetanus toxoid (30) . SDS-PAGE analysis of fragment C purified in this way showed it to be approximately 80% pure (Fig. 4) .
Immunogenicity of fragment C expressed by baculovirus. Fragment C derived from C. tetani or E. coli is able to protect mice from challenge with tetanus toxin (21) . To determine whether fragment C produced from baculovirus also exhibits this activity, we immunized mice with a soluble extract of S. frugipedra cells which had been infected with BVFC1. Preliminary results indicated that such a preparation had immunizing activity (data not shown). The assay was repeated with one or two doses of immunopurified fragment C and challenge with tetanus toxin (Table 1) . Mice immunized with one dose of 0.25 ,ug or with two doses of 0.06 ,ug each were fully protected against tetanus toxin challenge, indicating that fragment C expressed by baculovirus was biologically active in this assay. The levels of fragment C necessary for immunity were similar to those required of fragment C derived from C. tetani or E. coli (9, 21) , indicating comparable activity of the baculovirus-expressed material.
Ganglioside-binding activity of recombinant fragment C.
Tetanus toxin binds gangliosides GTlb and GDlb, a property mediated through fragment C (15, 32) . Ganglioside binding of recombinant fragment C from E. coli and S. frugiperda cells was compared with that of fragment C derived from tetanus toxin (native fragment C) and with that of intact tetanus toxin. All samples competed for binding in a dose-dependent fashion (Fig. 5) . However, fragment C from S. frugiperda appeared to be less effective than did native fragment C or fragment C from E. coli. DISCUSSION The use of baculoviruses as gene expression vectors has increased in recent years as the ease of use of this system has been demonstrated by many laboratories (20, 25, 33) . However, with a few exceptions, baculovirus expression systems have been used almost exclusively for the production of eukaryotic proteins (25) , with most laboratories preferring to use bacterial expression systems, particularly those utilizing E. coli, for the production of prokaryotic proteins. However, it is not always straightforward to obtain large quantities of foreign proteins in any expression system. Indeed, high-level expression of fragment C in E. coli required the resynthesis of much of the gene to overcome its codon bias, which was inappropriate in E. coli (22) . Additional attractive features of baculovirus expression systems are the ease of secretion of membrane proteins and the lack of lipopolysaccharide, which often contaminates proteins prepared from gramnegative bacteria.
We describe here the use of a baculovirus expression system for the synthesis of fragment C of tetanus toxin. Fragment C expressed by baculovirus was soluble and easily purified by affinity chromatography. Fragment C produced by baculovirus was compared with fragment C from E. coli and from tetanus toxin by two Immunization of mice with fragment C does not appear to require a particular secondary structure of the protein, as both soluble (21) and insoluble (9) forms of fragment C from E. coli protect mice from tetanus toxin challenge. Another example of the use of the baculovirus expression system to produce a bacterial protective antigen is the recent work of Iacono-Connors et al. (16) , who obtained expression of the Bacillus anthracis protective antigen. This recombinant antigen was used to raise a high-titer antibody response in mice, but protective immunity was not investigated.
The efficiencies of ganglioside binding of fragment C produced by C. tetani, E. coli, and baculovirus were dissimilar. The low degree of binding of baculovirus-directed fragment C may reflect a difference in secondary structure as compared with fragment C from C. tetani. Alternatively, baculovirus-directed fragment C was purified by affinity chromatography, in contrast to the E. coli protein, which was purified by ion-exchange chromatography. These procedures subject the proteins to different conditions; e.g., affinity purification involves a brief exposure to pH 3.0, and it is possible that such a treatment alters the gangliosidebinding properties of fragment C. In contrast to the results presented here, Halpern et al. (11) found that their E. coli recombinant fragment C bound ganglioside more efficiently than did the native (C. tetani) fragment C. However, these authors attributed the differences in binding either to the age of the native fragment C and tetanus toxin or to the additional amino acid sequence present at the N terminus of their recombinant fragment C. In contrast, our E. coli fragment C and baculovirus-expressed fragment C have only one additional N-terminal methionine residue, yet there is a difference in ganglioside binding between these preparations. Helting et al. (15) showed that tetanus toxin binds gangliosides at a higher efficiency than does fragment C (on a molar basis), although the other parts of the tetanus molecule have been shown not to bind ganglioside directly. It is possible that when fragment C is present as part of the holotoxin, it adopts a structural conformation which is important for efficient ganglioside binding. This conformation could differ in fragment C prepared in different ways, including various recombinant methods.
Further use of baculovirus expression systems could be of great value in the study of tetanus and other bacterial toxins. Unlike the situation in E. coli, the codon bias of the natural tetanus toxin gene does not appear to present any problems for high-level expression in baculovirus. We intend to express other fragments of tetanus toxin by using baculovirus expression and to use these fragments to study further the mode of action of tetanus toxin.
